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This report details the controllable doping of graphene 
through post-growth plasma treatments. Defects are  
controllably introduced into the lattice using argon plasma, 
following this sample are exposed to ammonia/hydrogen 
plasma. During this nitrogen atoms get incorporated 
causing partial restoration of the graphene lattice. The 
damage levels are characterised by Raman and X-ray 
photoelectron spectroscopies. The incorporation of 
nitrogen into the graphene lattice provides significant n-
doping. This is confirmed by the fabrication of graphene 
field-effect transistors which show clear n-type behaviour 
and mobilities not significantly less than those of pristine 
graphene. Thus this work demonstrates the viability of  
plasma treatments to reliably dope graphene.  
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1 Introduction Graphene has been extensively studied 
over the last 15 years and has paved the way for novel elec-
tronic devices based on 2D materials. Despite the growing 
realisation that graphene cannot live up to all of its heralded 
promise, it still has the ability to revolutionise numerous ar-
eas of research. Real strides have been made towards mak-
ing graphene industrially relevant in areas such as electro-
catalysis, biological sensors, fuel cells and field emission 
sources[1,2]. 
These applications require graphene to be modified and 
tailored to perform optimally. One of the fundamental ways 
to modify semiconductors is doping. While doping may be 
achieved in many ways, one large-scale, non-volatile ap-
proach is modification by exposure to plasma. Plasma treat-
ments allow for controlled introduction of dopants or func-
tionalities into the graphene without the need for wet chem-
ical steps[2]. 
Most plasma treatments modify graphene by breaking 
sp2 bonds, providing the opportunity for other atoms or 
functional groups to be incorporated into the lattice[3]. Mild 
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plasma treatments have also been used to remove polymer 
residue and other contaminants from graphene’s surface to 
improve its electrical properties, without causing large-scale 
damage[4].  
A range of gases can be used to form the plasma 
depending on the desired outcome. Certain plasmas, such as 
argon, serve to simply introduce damage to the lattice, while 
others such as nitrogen or oxygen can substitute for a carbon 
atom, mimicking doping in 3D semiconductors. 
Graphene treated with oxygen plasma becomes p-doped 
due the electron with-drawing nature of the bonded oxygen 
species, as outlined by Nourbaksh et al.[5]. At higher levels 
of oxygen functionalisation, the presence of a bandgap was 
also detected. The use of plasma to n-dope graphene with 
nitrogen atoms has previously been shown by a number of 
groups[6]. Kato et al. investigated the edge functionalisation 
and doping of graphene nanoribbons. They used room-tem-
perature NH3 plasma to controllably functionalise predomi-
nantly edge sites [7]. Zeng et al. used nitrogen plasma to 
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change the work function of graphene through the introduc-
tion of increased concentrations of graphitic N, increasing 
the electron concentration[8]. Ammonia plasma has also 
been used to electron dope graphene. Lin et al. demonstrated 
doping of mechanically exfoliated graphene by post-growth 
exposure to ammonia plasma and characterised the C-N 
bond types present intensively[9].  
In this report we follow the work of McEvoy et al. and 
focus on the plasma doping graphene with nitrogen in a con-
trollable manner[10]. Our method involves a two-step pro-
cess whereby we first introduce damage into the graphene 
lattice with argon plasma and then heal the defects and sim-
ultaneously dope the graphene with a combined NH3/H2 
plasma. As the samples are situated downstream of the 
source, the plasma has lost much of its kinetic energy before 
interacting with the sample, ensuring limited damage. We 
systematically examine the defect creation and doping 
through Raman spectroscopy and X-ray photoelectron spec-
troscopy (XPS). Finally, the electrical properties of the ar-
gon damaged and doped samples are confirmed by graphene 
field effect transistor (GFET) device measurements. 
2 Experimental 
2.1 Graphene growth Graphene was grown using a 
method similar to that described previously [11];[12]. 
Briefly, graphene was grown by CVD on 25μm copper foil. 
The samples were placed in a tube furnace where the tem-
perature is increased to 1035˚C under H2 flow (50 sccm, 0.5 
mbar). The samples were then annealed at this temperature 
for 60 minutes followed by a 30 minute growth phase with 
H2 (5 sccm) and CH4 (10 sccm) gas flow at ~0.25 mbar. The 
furnace was then cooled to room temperature under 3 sccm 
H2 flow. The samples were transferred to Si/SiO2 wafers by 
spinning on a PMMA layer and then etching the Cu foil in 
ammonium persulfate solution, the details of which can be 
found in [13].  
2.2 Plasma treatment An R3T TWR 2000T micro-
wave radical generator was used to perform the plasma 
treatment of the graphene. During Argon plasma exposure 
the conditions were typically 200 sccm of Ar gas with a 
chamber pressure of ~2 Torr. While for the NH3/H2 plasma 
50 sccm of each gas was used giving a pressure of ~1 Torr. 
Samples were positioned ~30 cm downstream of the plasma 
source meaning that no direct heating of the samples took 
place. Furthermore the generated ions are energetically re-
laxed by this point reducing surface damage.  
2.3 Characterisation and analysis A Witec Alpha 
300R with a 532 nm excitation laser, with a power of ~1 
mW, was used to collect the Raman spectra shown herein.  
All Raman measurements were taken after samples were 
transferred to SiO2 and using a spectral grating with 600 
lines/mm and a 100x objective lens.  Raman maps were gen-
erated by taking scans every 150 nm in the x and y directions, 
typically over an area of 20 x 20 μm. Spectra shown are av-
erages over these maps, with ~10,000 spectra being used for 
each. 
XPS spectra were taken using a VG Scientific ESCA-
lab Mk II system with an Al Kα x-ray source. An electron 
flood gun was used for charge compensation and the binding 
energy scale was referenced to the carbon 1s core-level at 
284.5 eV. Core-level scans were recorded at an analyser 
pass energy of 15 eV. Analysis was performed using Cas-
aXPS software. Spectral components were fitted using a 
Shirley background subtraction, appropriate line shapes. 
Relative atomic percentages were calculated using the rela-
tive sensitivity factors provided by the software CasaXPS. 
All electrical measurements were carried out with a 
Janis probe station in vacuum (~10-5 mbar). GFET elec-
trodes (Ti/Au 5/40 nm) were deposited after plasma treat-
ment by electron beam evaporation and patterned using 
shadow masking. 
 
3 Results and discussion The Raman spectrum of 
pristine, transferred graphene on SiO2 is shown in Error! 
Reference source not found.(a). The primary features of 
the spectrum are sharp and well characterised 2D (~2680 
cm-1) and G (~1590 cm-1) peaks. The 2D peak can be fitted 
with a single Lorentzian, FWHM 31cm-1, in agreement with 
other reports of monolayer graphene with some defect-in-
duced broadening [11,14]. The intensity ratio of the 2D to G 
peaks is ~1.2. This is less than the usually quoted value of 
above 2 for monolayer graphene, however this may be due 
to damage of the film during polymer transfer or doping 
from any remaining polymer residue[15]. These factors al-
low the conclusion that the graphene is predominantly mon-
olayer in nature.  
 
Figure 1 (a) Raman spectra of pristine graphene and after various 
exposure times of Ar plasma on  SiO2. All spectra are normalised 
to the G peak intensity. (b) Raman spectra of graphene treated by 
NH3/H2 and/or Ar plasma. All normalised to the G peak intensity. 
(c-d) Raman maps of pristine graphene and graphene after 60 
seconds Ar exposure respectively. 
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In perfect sp2 carbon systems, like graphene, the D peak 
is Raman forbidden. It becomes activated by a single-pho-
non intervalley scattering process, when momentum conser-
vation is satisfied by the presence of defects[16]. The varia-
tion of D to G ratio with carbon crystalline size was first 
explored by Tuinstra and Koenig[17] and the ratio of the in-
tensity of the D to G peak, ID/G, is now often used as a meas-
ure of the defect density and quality of graphene. In this 
sample, the ID/G is less than 0.02 indicating the low defect 
level and high crystallinity of this monolayer sample[14]. 
The graphene samples were treated with downstream, 
argon plasma for different durations ranging from 30 to 90 
seconds. The evolution of the Raman spectrum of graphene, 
scaled to the G peak intensity, is shown in Error! Refer-
ence source not found.(a). The most noticeable change is 
the dramatic increase in the intensity of the D peak with in-
creasing plasma exposure. This indicates an increase in de-
fect levels and is due to the plasma radicals damaging the 
graphene[16]. Examining the D to G ratio, ID/G, it is found 
to increase gradually from below 0.2 to approximately 4 
when the Ar exposure time is increased. This gradual in-
crease is an attribute of the strong level of control possible 
in this system for introducing defects into monolayer gra-
phene.  
The 2D peak intensity is sensitive to electron scattering 
rates in the graphene. With increasing Ar exposure the 2D 
peak is observed to broaden and reduce in intensity, 
consistent with increasing defect concentration inducing 
higher scattering rates[18]. The D’ peak (~1620 cm-1) is also 
evident in the Raman spectra after more than 60 seconds of 
Ar plasma treatment. The D’ peak is activated by a single-
phonon intravalley scattering process, and, similar to the D 
peak, defects are required to satisfy momentum conserva-
tion. The ratio of the integrated areal intensity of the D to 
D’, AD/D’, can be related to the type of defects present in the 
sample[16]. When the D and D’ peaks were fitted, AD/D’ was 
found to be above 13, indicating the predominance of sp3 
type carbon defects in the sample. 
Error! Reference source not found.(c-d) show Raman 
maps of the D to G peak intensity ratios of pristine graphene 
and graphene treated with 60 seconds of Ar plasma respec-
tively. The pristine sample shows a very low ID/G intensity 
throughout, with the grain boundaries visible as the only ar-
eas showing any significant defect concentration. After 60 
seconds in Ar plasma, the D peak intensity is greatly in-
creased, the scale of this image is over an intensity range 8 
times larger than that of the pristine sample. The areas of 
lowest intensity are bilayer islands which are much more re-
sistant to plasma damage. Interestingly the grain boundaries 
are now also areas with lower ID/G, in contrast to the image 
of the pristine graphene.  
Plasmas have previously been used to successfully in-
corporate nitrogen atoms into the lattice of graphene[9,19]. 
However, the treatment of graphene by ammonia plasma 
alone forms very few substitutional N sites, and those which 
do form show a preference for edges and pre-existing de-
fects, making it inappropriate as a general approach for dop-
ing[7]. NH3/H2 plasma, rather than NH3 plasma alone was 
used as previous work had found that this plasma serves to 
heal defects in graphene while incorporating N atoms[10]. 
Error! Reference source not found.(b) shows the Raman 
spectra of samples treated with various combinations of Ar 
and NH3/H2 plasmas. In line with earlier reports, the spectra 
of the sample treated with 300 seconds NH3/H2 only has a 
small D peak component and marginally reduced 2D peak. 
For this reason pre-treating the graphene with Ar plasma, to 
introduce a controllable population of vacancy defects, was 
considered a suitable method to provide more available sites 
for incorporation of N atoms throughout the graphene, ra-
ther than predominantly at edge sites.  As expected the sam-
ple becomes much more defective following Ar treatment, 
but notably, following the NH3/H2 plasma, the D peak 
intensity was reduced and the 2D peak was somewhat 
restored due to N atoms being incorporated into the lattice. 
 
Figure 2 (a) Ratio of the Raman peak intensity of the D and G 
peaks, ID/G, for different plasma exposures. (b) The average shift 
in peak position of the 2D and G Raman peaks after both Ar and 
NH3/H2 plasma treatments. 
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To allow further analysis of the Raman data after plasma 
exposure, certain peak behaviours were extracted and the 
trends plotted. Figure 2(a) shows the trend of Raman D to G 
peak intensity ratio for different plasma treatments. For the 
Ar plasma, the ratio increases gradually by over an order of 
magnitude, showing that the Ar plasma clearly causes con-
trollable damage throughout the lattice, which can be tuned 
by modifying the plasma exposure time. The reduction in 
intensity for the 90s sample is consistent with the expected 
change in the relationship between the intensity of the D 
peak and the defect concentration at these defect lev-
els.[20,21]. As previously discussed, the NH3 causes com-
parably very little damage. 
The shift in the Raman 2D and G peak positions are 
known to be an indicator of doping. Figure 2(b) shows the 
mean peak position shift of the G and 2D peaks after Ar 
plasma treatment, and subsequent NH3/H2 plasma. After Ar 
plasma the peaks reproducibly shift to higher wavenumbers.  
This is consistent with increased p-doping in the sample. 
When the samples are then exposed to the ammonia contain-
ing plasma, the peaks shift back to lower wavenumbers in-
dicating a reduction of holes in the sample, or increased n-
doping[22]. 
To gain a greater understanding of the influence of both 
plasma treatments on graphene, XPS was carried out on the 
above samples. Figure 3(a) shows the C 1s core level region 
for pristine graphene, graphene treated with 60s Ar plasma, 
and graphene treated with 60s Ar plasma followed by 300s 
NH3/H2 plasma. Analysis of the pristine, and Ar treated gra-
phene shows a marked increase in non-sp2 hybridised car-
bon species after plasma treatment, indicative of defect for-
mation. It is clear that the Ar plasma treatment causes an 
increase in the contribution from sp3 hybridised carbon at-
oms along with a large contribution from various carbon-
oxygen species[23]. This could tentatively be attributed to 
the defective graphene sites oxidising when exposed to air 
between treatment and XPS analysis[24]. The third sample 
is exposed to argon and ammonia in succession with no ex-
posure to air in between. While this sample also has an in-
crease in sp3 carbon, the contribution from carbon-oxygen 
species in this sample is significantly less than that for the 
Ar only treatment. The expected binding energy for C-N is 
also in this same region (within ~0.2eV), making deconvo-
lution two difficult[25].  
Due to the inability to reliable quantify any C 1s C-N 
component, the N 1s core-level region was also measured 
by XPS. The Ar and NH3/H2 treated sample contains an ap-
preciable signal for of N at ~401 eV; which is consistent 
with quaternary N incorporated into the graphene lat-
tice[26,27]. Neither the pristine nor Ar treated sample 
showed any significant signal in this region. Compositional 
analysis using the XPS data reveals a doping level of ~5at.% 
N. This is a strong indication of the incorporation of N at-
oms into the graphene lattice. 
 
 
Figure 3 (a) C 1s XPS spectra of graphene samples exposed to no 
plasma, 60s Ar plasma, and 60s Ar and 300s NH3/H2 plasmas 
respectively. (b) XPS of the N 1s region of the same three samples 
To analyse the effects of the plasma treatments on the 
electrical characteristics of the graphene, field effect transis-
tors were fabricated, an image of one such device is shown 
in Figure 4(b). The two-terminal IV response of the pristine, 
Ar plasma treated and Ar and NH3/H2 plasma treated gra-
phene are shown in Figure 4 (a) inset. Unsurprisingly, the 
pristine graphene has the lowest resistance as plasma treat-
ments introduce defects and functional groups which would 
be expected to reduce conductivity[28]. We use the transfer 
characteristic of the devices, shown in Error! Reference 
source not found.Figure 4 (a), to extract the field-effect 
mobility. The pristine graphene shows an electron mobility 
of ~1200 cm2V-1s-1 and a hole mobility of ~1500 cm2V-1s-1. 
While these are lower than some reported previously for 
graphene [29,30], they are good values for back-gated 
CVD-grown graphene on SiO2[31]. This sample is heavily 
p-doped with the Dirac point at ~48 V which we attribute to 
residual polymer and adsorbates[13]. 
The Ar plasma treated samples exhibit much reduced 
current levels and are strongly p-doped. For our devices the 
Dirac point is outside the measurement window of ±80V. 
This is in line with other studies which have found Ar 
plasma exposure serves to p-dope graphene[32]. In contrast 
the samples treated with Ar and NH3/H2 plasmas show a 
negative shift in the Dirac point. The Dirac point shifts by 
45V to a value of 3V. Both of these are in line with the ex-
pected doping types indicated by position shift of the Raman 
peaks. 
In addition to the doping, the gate response is restored 
after the ammonia treatment, indicating a partial healing of 
the lattice damage introduced by the argon. After this 
plasma treatment, the mobility is ~500 cm-2V-1s-1 for both 
holes and electrons. This reduction, in comparison to the 
pristine values, is expected due to the damage caused by the 
pss-Header will be provided by the publisher 5 
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plasma treatments or by non-graphitic N atoms such as pyr-
idinic and pyrrolic N.. However, it is a significant improve-
ment from that seen after Argon damage alone which gave 
hole mobilites below 50 cm-2V-1s-1. For samples less heavily 
p-doped before treatment, Figure 4(c), the Ar and NH3/H2 
plasma treatments shift the Dirac point from ~20V to ~-25V, 
switching the graphene character from p-doped to an equiv-
alent level of n-doping.  
 
Figure 4 (a) Gate voltage sweeps of pristine, Ar treated and Ar 
NH3/H2 treated graphene samples, VDS = 5mV. Inset: two-terminal 
IV measuremnts of the same samples. (b) Picture of the GFET 
device structure with graphene outlined. (c) Transfer curve of 
GFET device before and after plasma treatments indicating the 
switch from p- to n-type doping. 
The electrical results demonstrate that the plasma treat-
ments cause a shift of the Dirac point by 45 to 50V after 
treatment. This shift is consistent across multiple samples 
irrespective of the starting level of p-doping as was seen in 
Figure 4. All devices show a Dirac point shift of 45-50V 
which is equivalent to a doping level change of ~3.5 x 1012 
cm-2. This demonstrates the applicability of using plasma as 
a method to dope graphene. While there is some reduction 
in mobility values after plasma treatment, on the order of 
50-60%, the mobility for both holes and electrons is still 
~500 cm-2V-1s-1. The ability to strongly and reproducibly 
modify the Dirac point position has the potential to out-
weigh the disadvantage of somewhat reduced mobility for 
many applications. 
We have successfully used a remote Argon plasma to 
introduce a controllable concentrations of defects in mono-
layer graphene on SiO2. This was confirmed through Raman 
and XPS analysis. The damaged graphene offered a plat-
form for the subsequent use of NH3/H2 plasma to introduce 
nitrogen atoms to the graphene. The combined Ar and 
NH3/H2 plasma treatments provided reproducible electron 
doping of the graphene on the order of 1012 cm-2. While fur-
ther work is needed to understand the bonding configuration 
of the nitrogen atoms, this works provides clear evidence of 
the effectiveness of this two-step plasma doping to modulate 
the charge carriers in graphene. 
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